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Abstract

Mesothelioma is an uncommon malignancy whose global incidence continues to rise. The
therapeutic standard for advanced disease is intravenous pemetrexed and cisplatin. The antifolate
capecitabine is significantly less effective than pemetrexed. The balance between thymidylate
synthase (TS), dihydropyrimidine dehydrogenase (DPD), and Thymidine Phosphorylase (TP) is
critical to the efficacy of capecitabine. DNA from mesothelioma cell lines was bisulfite treated
and examined by MS-PCR, RNA was obtained for real time PCR analysis, and protein lysates
were obtained for Western immunoblot analysis. Cytotoxicity was assessed by MTT assay,
comparing 5-aza-CdR pretreated or untreated cells with 5’-Deoxy-5-fluorouridine (DFUR), 5-FU,
and pemetrexed. Finally bisulfite sequencing of the extracellular growth factor-1 (ECGF-1) gene
was performed on 4 mesothelioma samples and pericardial tissue. One of the four cell lines tested
(H290) was methylated for ECGF-1. This corresponded to a lack of TP expression by real time
PCR and Western immunoblot. Treatment with 1 uM 5-aza-CdR increased TP mRNA and protein
expression in H290. DFUR, the substrate for TP, showed increased cytotoxicity when delivered
after 5-aza-CdR exposure in the methylated cell line. There was no difference in any of the
unmethylated cell lines when cells were exposed to 5-FU or pemetrexed with or without 5-aza-
CdR. Patient tumor samples revealed an increased number of methylated CpG sites in ECGF-1
compared to normal pericardium. Methylation of ECGF-1, leads to transcriptional silencing of TP
and may explain the lack of any effect of capecitabine, especially when compared to pemetrexed.
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Introduction

Malignant mesothelioma is an uncommon thoracic tumor with 2,000-3,000 new cases in the
US annually. It is highly associated with asbestos exposure. Its incidence worldwide is
expected to continue to increase until 2020 [1;2]. In the U.S. it seems to be on the decline
due to aggressive public heath interventions. There are three histologic subtypes of
mesothelioma: epithelioid, sarcomatoid, and mixed/biphasic. The epithelioid variant tends to
have a more indolent clinical course and is characterized by more polygonal cells. The
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sarcomatoid and mixed variants portend a worse clinical prognosis and are pathologically
characterized by elongated nuclei and more spindle cells [3;4]. The SV40 DNA tumor virus
has been implicated as a risk factor or co-factor in the development of this malignancy
[5;6;7;8] though its precise role in the pathogenesis of mesothelioma has yet to be clarified.

The clinical course of mesothelioma is aggressive with only a subset of patients being
suitable for potentially curative resection, and for those not able to undergo resection, a
median survival of 7 months with standard chemotherapeutic approaches can be expected
[9]. Multiple single agent and combination chemotherapy regimens have been evaluated
[10;11]. No clearly effective therapy emerged until recently, with response rates ranging
from 11 to 20% [12;13;14], but overall survival remaining less than 12 months. In reviewing
the data, there is a suggestion that antimetabolite drugs have better efficacy than other
cytotoxic agents [15]. The two most active drugs that have demonstrable activity in
mesothelioma are raltitrexed (Tomudex®) and pemetrexed (Alimta®) which has highlighted
the role of folic acid and folate metabolism plays in this tumor. Folate is an integral
metabolite used in the cellular processes of DNA replication, RNA synthesis, as well as
other normal cellular functions. 5-FU, a fluoropyrimidine, is an analogue of uracil which is
converted intracellularly to FAUMP, FAUTP, and FUTP [16]. While it can be incorporated
into DNA and RNA, its main mechanism of action appears to be inhibition of the enzyme,
thymidylate synthase (TS), an enzyme critical for DNA synthesis. The rate limiting step in
the catabolism of 5-FU is determined by the enzyme, dihydropyrimidine dehydrogenase
(DPD).

The antimetabolite pemetrexed targets three enzymes within the DNA synthetic pathway;
thymidylate synthase (TS), glycinamide ribonucleotide formlytransferase (GARFT), and
dihydrofolate reductase (DHFR). Pemetrexed requires no enzymatic activation before
directly affecting its targets. The use of pemetrexed in mesothelioma was based on initial
Phase | data where activity was noted [17;18]. Subsequent Phase Il studies confirmed this
activity [19], and a large Phase 111 study (comparing pemetrexed with cisplatin was
compared to cisplatin alone in nearly 500 patients) led to its approval as first line treatment
[20]. A recently completed Phase I11 study with raltitrexed, also showed activity compared
to cisplatin alone [21].

Capecitabine is an oral fluorouracil prodrug that is converted to DFUR in the liver by the
enzymes carboxylesterase and cytidine deaminase. DFUR is then transported to the tumor
cell where the enzyme Thymidine Phosphorylase (TP) catalyses the reaction that then
converts it to active 5-FU. One of the potential advantages of capecitabine is the relatively
preferential expression of TP in tumor tissue compared to normal tissue [22]. This finding in
addition to the evidence of anti-metabolite therapy as amongst the most active of the agents
used to date against mesothelioma led to further exploration of oral capecitabine. After a
Phase I study reported a mesothelioma patient treated with capecitabine orally at 1657 mg/
M2 who had stable disease for 18 months [23], a Phase II study by the Cancer and Leukemia
Group B evaluated capecitabine [24]. The 27 patient study showed a 4% partial response
rate with 38% stable disease and a poor 1 year survival.

Methylation is an epigenetic phenomenon by which the nucleotide cytosine has a hydrogen
replaced by a methyl group by the enzyme, DNA methyltransferase. The promoter related
CG islands in tumor DNA are frequently methylated, leading to transcriptional silencing.
The mechanism of this transcriptional silencing is hypothesized to be related to the inability
of key transcriptional elements to access DNA in the presence of the bulky methyl groups or
through the recruitment of key transcriptional repressors.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2011 January 15.
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We hypothesized that the reason that capecitabine is ineffective in the treatment of
mesothelioma as opposed to other anti-folate therapy like pemetrexed and raltitrexed, is
through methylation induced transcriptional silencing of TP which is critical to the
activation of capecitabine but plays no role in the metabolism or catabolism of other anti-
folate agents.

Materials and Methods

Cell Culture

Four mesothelioma cell lines were obtained from ATCC and cultured in RPMI with 10%
fetal bovine serum (FBS). Cells treated with 1 uM 5-aza-CdR had fresh media and drug
added every 24 hours.

DNA isolation

DNA from both 5-aza-CdR treated and untreated cells was isolated by means of Qiagen
Mini Kit per manufacturer’s directions.

Bisulfite modification

MS-PCR

DNA was purified and treated with sodium bisulfite as described [25;26]. The DNA was
first denatured and then incubated with bisulfite overnight in a volume of 50 pl, then isolated
and purified using the Qiaquick gel extraction kit as per manufacturer’s directions. The
bisulfite reaction was completed by incubating the DNA with 5 pl fresh 3M NaOH at room
temperature for 20 minutes. The DNA was again purified as above.

Methylation specific primers for each gene were designed (Table 1). PCR conditions were
as follows: 94°C for 20 sec, 62°C for 30 sec, and 72°C for 30 sec, for 35 cycles. SSS
methylated treated DNA served as a positive control and the hypomethylated cell line,
Ab49, was used as a negative control.

RNA isolation and cDNA synthesis

The semi-quantitative real-time PCR was performed with optimized conditions for both the
target gene and B-actin in a single reaction tube. Amplification was stopped in the
exponential range for both genes. The exponential range was determined by phosphoimager
quantification of the PCR product band intensities from different amplification cycles.

Western blot

MTT assay

Western immunaoblot analysis was performed in standard fashion [27]. Cells were harvested
and protein extracted with lysis buffer. Equivalent amounts of protein, 20 ug, were
fractionated on a 9% SDS-PAGE, then transferred onto nylon membranes. The membranes
were incubated with primary antibody at 4°C overnight while rocking. After washing with
TBS-T four X 5 minutes, membranes are incubated with the appropriate secondary antibody
for 1-2 hours. Protein bands were detected using chemiluminescent detection (Hy Glo®,
Denville Scientific). The nylon membranes were then stripped in 0.2 M BME buffer at 55°C
and then blocked and incubated with anti-tubulin antibody, secondary antibody with
chemiluminescent detection performed as above.

Cytotoxicity was assayed by MTT assay and Trypan blue exclusion of treated cells. Two
cell lines were chosen, H290 (TP methylated) and H1977 (TP unmethylated), to compare
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cytotoxicity following exposure to anti-metabolite therapy. For each cell line, cells were
exposed to 1 uM 5-aza-CdR for 72 hours or control DMSO. An equal number of cells
(2000) from each group were seeded into a 96-well plate 24 hr prior to experiments. Then all
the cells were treated with varying concentrations of DFUR, 5-FU, or pemetrexed for an
additional 48 hours. At 120 hrs after treatments began, dimethylthiazolyl-2-5-
diphenyltetrazolium bromide (MTT) dye solution (20ul/100ul RPMI) (Sigma, St. Louis,
MO) was added for 3 hours at 37°C. The absorbance at 490 nm wavelength was recorded
using an ELISA microplate reader (Dynatech MR7000). Each experiment was performed in
triplicate. The corrected absorbance of each sample was calculated by comparing with
untreated control.

Bisulfite treatment of genomic DNA and sequencing

Results

Mesothelioma samples were procured from the Cooperative Human Tissue Network through
an IRB approved protocol. Genomic DNA from the mesothelioma tumor was isolated using
TRIzol (Invitrogen). Bisulfite treatment of genomic DNA was performed with modifications
using the previously published protocol [25]. Briefly, 1 ug genomic DNA was denatured by
3M NaOH for 10 min at 37°C in a volume of 50 ul and then incubated at 50°C overnight
following the addition of 10 ul 20mM hydroquinone and 520 ul 3M sodium bisulfite. The
DNA was then purified using the Qiaquick gel extraction kit (Qiagen, Valencia, CA, USA)
and eluted into 50ul elution buffer. After adding 5 pl fresh 3M NaOH, the reaction was
incubated at room temperature for 5 min. A measure of 10 ul 3M NaOAc (pH 5.0) was
added to adjust the pH. The treated DNA was again purified using the Qiaquick gel
extraction kit and eluted into 30 pl elution buffer.

One pg bisulfite converted DNA was amplified in a 50 ul volume for 95°C for 10 min to
activate Tag DNA polymerase, followed by 35 cycles of amplification (denaturing at 94°C
for 30 s, annealing at 58°C for 45 s and extension at 72°C for 45 s). The PCR product was
then gel purified using the Qiaquick gel extraction kit and cloned into the PCR XL-TOPO
vector (Invitrogen, Carlsbad, CA, USA). The cloning process followed the instructions from
the TOPO TA Cloning Kits. 5 clones of each patient’s ECGF-1 gene were picked for
plasmid isolation using the QlAprep® Spin Miniprep kit (Qiagen) and sequencing. Analysis
of each single colony’s ECGF-1 gene was performed with web-based ClustalW?2 software
available from the European Bioinformatics Institute.

The four cell lines (H226, H513, H290, and H1977) were screened for the presence of
methylation of three genes involved in folate and anti-folate metabolism: thymidylate
synthase, dihydropyrimidine dehydrogenase, and thymidine phosphorylase with MS-PCR.
We found no evidence of methylation in TS or DPD in the 4 mesothelioma cell lines. There
was, however, evidence for methylation in the H290 cell line for the gene encoding TP,
ECGF-1 (Figure 1). Based on the methylation of ECGF-1 in the H290 cell line, we
confirmed that this epigenetic phenomenon correlated to mMRNA expression as well as
protein expression. Real time PCR results confirmed the greater than six-fold increase in TP
MRNA in the H290 cell line after treatment with the DNMT inhibitor, 5-aza-CdR, compared
to the same cell line that was not treated with the 5-aza-CdR. The H513, H1977, and H226
cell lines did not exhibit this upregulation of mMRNA expression when exposed to 5-aza-
CdR. Appropriate B-actin controls were performed to ensure specimen integrity (Figure 2A).

Western immunoblot was performed to assess the relative abundance of TP protein.
Analogous to the results seen in the RNA analysis, there was up-regulation of TP protein
expression in H290 cells exposed to 5-aza-CdR compared to those which were not (Figure
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2B). The H1977 cells showed no significant change in protein expression after 5-aza-CdR
exposure.

To assess the functional consequences of this protein up-regulation, MTT cytotoxicity
assays were performed. We performed a series of cytotoxicity assays with various drugs that
depend upon TS, DPD, and TP. When utilizing 5-FU or pemetrexed, (drugs that do not
require processing to target TS directly in order to have cytotoxic effects), we predicted that
the exposure to 5-aza-CdR would have no influence on the cytotoxicity relative to those that
were not exposed. With DFUR, however, which requires TP in order to be converted to the
cytotoxic 5-FU (Figure 1), we predicted that the presence of 5-aza-CdR in the methylated
H290 cell line would enhance the cytotoxic effect of the drug compared to the methylated
cells that were not exposed to the DNMT inhibitor. In the first assay, 5-aza-CdR pretreated
and untreated H290 cells were exposed to increasing concentrations of DFUR, the active
capecitabine metabolite. There was a relatively enhanced cytotoxicity of the H290 pretreated
cells compared to those that were not pretreated Figure 3, Panel A. This same experiment
was then performed on H1977 cells to see if such a change in cell viability would be seen in
this unmethylated cell line. H1977 showed no difference in DFUR cytotoxicity despite prior
exposure to 5-aza-CdR (Figure 3, Panel B. H290 and H1977 5-aza-CdR pretreated and
untreated cells were then exposed to varying concentrations of 5-FU (Figure 3, Panels C and
D) or pemetrexed (Figure 3 Panels E and F).

The analysis of bisulfite sequencing of the PCR amplified clones of ECGF-1 gene (encoding
for TP protein) from patient tumor specimens was completed as well as the “normal” control
of pericardial tissue purchased from ATCC. The methylation analysis revealed an increased
number of methylated CpG islands in the tumor samples, averaging 93.45% methylated in
the 4 patient samples compared to the pericardial tissue whose clones averaged only a 34.8
% methylated CpG islands in the same gene (Figure 4).

Discussion

In this study, we found that promoter methylation of CpG dinucleotides within the ECGF-1
gene (responsible for TP protein expression) led to transcriptional silencing of this gene
product in one cell line as well as in patient specimens. Furthermore, treatment of the
methylated cell lines with the DNMT inhibitor, 5-aza-CdR, led to mRNA and protein re-
expression as predicted. Critical to the understanding of the clinical implications of this
finding, is the cytotoxicity assay using 5-FU, pemetrexed, and DFUR. When the methylated
cell line was pretreated with a DNMT inhibiting agent, 5-aza-CdR, it enhanced the response
to DFUR compared to its untreated counterpart. Demethylation of a specific gene reversed a
mechanism of chemo-resistance. The demonstration of hypermethylation of the ECGF-1
gene in tumor relative to pericardial tissue, as demonstrated in the bisulfite sequencing
analysis suggests that this finding may be a relevant mechanism of drug resistance.

While DFUR is not a clinically utilized drug, it is an important penultimate metabolite of
capecitabine on its path to active fluorouracil. The cytotoxic mechanisms of both
capecitabine and DFUR should consequently be very similar. In fact, since the major target
of raltitrexed and pemetrexed is TS, one would expect that clinical use of capecitabine
should yield comparable results as these two drugs. Thus, the experiments presented in this
paper represent a plausible and likely explanation for the lack of efficacy of the oral anti-
folate, capecitabine in this disease. Orally delivered chemotherapeutic agents are often
preferred by patients, from a tolerability stand point as well as a quality of life stand point.
In the face of paucity of active agents in this malignancy, chemo-resistance mechanisms to
existing agents should be examined. Improved utilization of existing, safe agents whose
mechanisms of resistance can be reversed are as important to the treatment of this
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malignancy as are, yet- unproven, novel agents. In the era where targeted agents and
molecular signatures of an individual’s tumor are being uncovered, even infrequent patterns
become relevant discoveries.

The role of epigenetics in tumor biology has been well established. Recent studies have
demonstrated that methylation of the OBMGMT gene leads to enhanced clinical activity of
the oral alkylating temozolomide in patients with glioblastoma multiforme [28]. In this
instance, MGMT enzymatically reverses the DNA damaging activity of temozolomide,
therefore, transcriptional silencing of this enzyme adds to the efficacy of the drug. In
contrast, the situation we describe of ECGF-1 methylation would be predicted to lead to
reduced activation of the prodrug capecitabine. These modifications can have a tremendous
impact on which therapies are active in a malignancy. If methylation can impart chemo-
resistance to agents that have a reasonable to work then demethylation may increase the
number of active agents to treat malignant mesothelioma. Demethylating agents in
combination with cytotoxic chemotherapy may offer alternative treatment modalities to the
few know actives ones that are presently used. While the clinical strategy of adding the
demethylating agent 5-aza-CdR to capecitabine in mesothelioma is not an attractive option
(given the ease of administration and activity of pemetrexed), we would predict, based upon
our data, that this combination would have activity. Thus the significance of epigenetic
modification in tumor DNA may affect both tumorigenesis as well as efficacy of treatment
agents. Further experiments to determine epigenetic alterations in mesothelioma cell lines as
well as in primary tumors are needed to further explore the other mechanisms of chemo-
resistance as well as explanations of pathogenesis of tumor biology in this malignancy.
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TS thymidylate synthase
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5-aza-CdR 5-aza-2'-deoxycytidine
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A. MS-PCR for TS, DPD, and TP.
H513 H1977 H226 H290 H513 H1977 H226 H290 H513 H1977 H226 H290
MU M U MU MU MUMUMUMU MU M UMU MU

Thymidylate Dihydropyrimidine Thymidylate
Synthase Dehydrogenase Phosphorylase

B. MS-PCR for TP with (+) and without (-) 5-aza-CdR exposure.

H513 H1977 H290 H226 SSS H20

Figure 1.

A. MS-PCR for TS, DPD, TP. 4 mesothelioma cell lines were screened with methylated (M)
and unmethylated (U) primer sets for the evidence of methylation by methylation-specific
PCR. There was no such evidence for the methylation of TS or DPD in any of the four cell
lines. There is evidence of methylation of TP in the H290 cell line. The experiment included
a SSS treated positive control as well as water.

B. MS-PCR for TP. Cell lines were treated (+) or untreated (—) with 5-aza-CdR. After
bisulfite treatment, MSPCR was performed with methylated sequence primers set.
Significant amplification of H290 untreated methylated DNA is seen. + is SSS treated
control and — is water.
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Figure 2A
Quantitative mRNA Expreesion
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Figure 2.

A. Thymidine phosphorylase mRNA expression. Chart with relative expression of mMRNA
by real time PCR. Each cell line was treated or untreated with 5-aza-CdR for 72 hours. By
Syber Green analysis of the real-time PCR products, there was a substantial increase (>6
fold) in mRNA expression of cell line TP in H290 5-aza-CdR pretreated cells relative to
H290 cells that were not treated. This increase was not seen in the unmethylated cell lines,
H1977, H226, and H513. The control B-Actin (BA) RNA expression was consistent for all
samples.

B. Thymidine phosphorylase western immunoblot: The H290 cell line when pretreated with
5-aza-CdR (+) increased expression of the protein TP compared to when not exposed to 5-
aza-CdR (—). The unmethylated cell line, H1977, did not demonstrate a significant change in
protein quantity despite 5-aza-CdR exposure. Tubulin controls, as seen below the TP assay,
for the samples indicate an equal amount of protein was loaded in each lane.
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Figure 3.
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MTT assay Curves. Panel A shows the results of the MTT cell viability assay (performed in
triplicate) with the methylated H290 cell line treated with 5-aza-CdR in combination with
DFUR as well as DFUR alone (D DFUR = 5-aza-CdR plus DFUR). There is a significant
difference in viability with the addition of 5-aza-CdR to the H290 (methylated) cell line

(panel A), but not in the H1977 (unmethylated) cell line (panel B). Also this difference

cannot be seen in H290 and H1977 cells treated with pemetrexed (panels C and D) with or
without 5-aza-CdR.
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Figure 4.

Bisulfite sequencing of ECGF-1 promoter region containing 31 CpG dinucleotides for

Patient T1: 98.4% CpG dinucleotides methylated

Patient T5: 92.3% CpG dinucleotides methylated

Patient T4: 89.6% CpG dinucleotides methylated

Pericardium: 34.8% CpG dinucleotides methylated

Page 12

matched patient samples T1, T4, T5, and pericardium. Each line represents each of the 31
CpG islands from a specific clone. Open circles: no methylation of CpG islands. Filled
circles: methylated CpG islands.
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Methylated and Unmethylated primers for Key enzymes involved in the anti-tumor effects of anti-folate

therapies:

Table 1

Thymidylate Synthase (TS)

Methylated-Forward
5 AAG GCG CGG TCGATTAGAC

Methylated-Reverse
5 AAA ACC ACG AAT ATA ACA CAA AAC G

Unmethylated — Forward
5 GGT TTA GAG AAG GTG TGG TTG ATT AGAT

Unmethylated-Reverse
5' CAC AAA ACC ACA AAT ATA ACA CAAAAC A

Dihydropyrimidine Dehydrogenase (DPD)

Methylated-Forward
5 GGT TGT CGT GTT TGG CGC

Methylated-Reverse
5 ATC TAC CAA TAA CAA ACC CTC CTT ACG

Unmethylated — Forward
5 GTT GTG GTT GTT GTG TTT GGT GT

Unmethylated-Reverse
5' ATC TAC CAA TAA CAA ACC CTC CTT ACA

Thymidylate Phosphatase (TP)

Methylated-Forward
5 TTAGCG TTG CGT CGC GTTC

Methylated-Reverse
5'CCG ACC AAT CCC CCG ATAC

Unmethylated — Forward
5 TGG GATTTTAGT GTTGTG TTG TGT TT

Unmethylated-Reverse
5" CCC AAC CAATCC CCC AAT AC
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